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ABSTRACT

A 128x128 clcmcnt CMOS active pixel irnag,c sensor (APS) with on-chip timing, conlroI,  and sifyal  chain electronics has
been designed, fabricated and tested. The chip is implcrncntcd  in 1.2 pm n-well process ~vitb  a 19.2 pm pixel pilch. The
sensor uses a photodiodc-lypc  CMOS APS pixel with in-pixel source  follower, row sclcclion  and rcsc[ transistors. l’hc
sensor operates from a + 5 V supply and requires only a clock signal t{) produce video oulput.  The chip performs correlated
double sampling (CDS) to suppress pixel fixed pattern noise, and dcmblc delta sampling (DIX) to suppress column fixed
pat(crn  noise. Tbc on-chip control circuitry allows asynchronous con[rol  of an inter ftamc  delay to adjust pixel intcgrfition.
On-chip control is also provided to SCICCI  the readout of any six  window of intcrcsl.

1. INTRODUCTION

For many imaging systems, intcgra[ion  of the image sensor with circuitry for both driving the image sensor and performing
on-chip signal processing is becoming increasingly in]poruint,  A high dcgrcc. of clcc(rc)nics integration on tbc focal-plane
can enable miniaturization of instrument syslcrns  arid simplify systcn I interfaces. In rrddit  ion to good imaging performance
with high quanhm  cfllcicncy,  low rtoisc, no lag, no smear and good blooming cent rol, it is desirable to have random access,
simple clocks, low systcm power, simple power supp]ics  and fast read out rates. ‘1’hc irtm~ing chip dcscribcd  in this paper
has demonstrated many of these capabilities.

l’hc sensor uscs active pixels, which denotes that active readout transistors arc con(ained  within each inm~c  pixel. ~’his
active pixel sensor (APS) technology has many advantages over CC,DS’. In this irlll~lclllcrltntioll,  the pixel contains a
photodiodc  imaging clcmcnt  along with three transistors to perform t}~c  functiom of r~~dout,  sclcctio]l, ar~d reset. A similar
sensor was dcscribcd in the late 1960’s2 and later developed as the Amplifrccl MOS ln~agcr3. In the J} ’L, sensor, readout is
achicvcd  using a column pamllcl  archi[ccturc which is rmrltiplcxcd  onc row at a time and then onc column at a time
through a single on-chip ampliticdbuffcr. Digital circuits cntp]oy  cormnon lo~ic  elements to con(rol  row finci address
dccodcrs and delay counters. The chip inputs that arc required arc a sing]c + S V power supply, s[ar[ command, and parallel
data load commands for defining integration time and }vindowinp.  parmclcrs. ‘1’hc output  consists of two diffcrcn[iai
analog channels.

q’hc CMOS APS chip reported here has pcrfornlancc  suitable for many applications including robotics and machine vision,
guidance and navigation, automotive applications, and ccrnsumcr electronics such m video phones, compu(cr  inputs and
home surveillance dcviccs.  lt has also been proposed for several scientific ballool~  applicrrtions  as well as a radiation
detector. Future dcvclopnlcnt  will  lead to scientific sensors suitable for highly  i]itcgratcd  imaging systems for NASA deep
space and planctm-y  spacccrafi.

2, I) ESIGN AND OPl :RATION

A block diagram of the chip architcclurc  is shown in figure 1. I’ILc analog oulpuls arc VS..OLJ’I’ (signal) and VR_ OUT
(reset), and tbc digital outputs arc FRAME and READ. The inputs to the chip arc a$ystchronous  digital sifwls.

1 lProceedhrgs  of ihe S1’lE, vol. 2415, Charge-Coupled I)evices and Sol[dStale Optical Sensors K poper no, 34 (1995).
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fii~iire 1. l!lock diagram  of C \40S  A I’.V chip

The chip can bc comrmndcd  to read OUI  any am of in(crcst  within tlic 128x128 array.

D c> Vs.our

1 -D- c> VK_Offl

—-. -c> READ

c> FRAME

The dccodcr counters can be preset
to Wrrl and S(OP at any value that has been loaded into the chip via the &bil data bus. An alternate Ioac!ing conmurnci is
provided using the I) I: FALJ1,T input line, Activation of this line forc,s all coun(crs  to a rcaclout  ~vinclow of 12.Ss1  28.

A programmable integration tirnc is set by adjusling the delay bctwccn  the c]ld of OIIC  frame and the beginning of the next.
‘1’his  parameter is set by loading a 32-bit  latch via the input data bus. A 32-bit counter operates from onc-fou]-th  the clock
input  frequency and is preset each frmc from the latch and so can provide very large integration delays, ‘1’lIc i]]put  clock
can bc any frequency up to about  IO MIIY.. The pixel readout rate is tied to one-foul  lh the clock rate. ‘1’bus, frame rate is
dctcrmincd  by the clock frequency, the window sct(ings, and the delay in[c,gralio]l  t i mc. A 30 IIY. frame rate can bc
achicvcd without di~!culty.

The chip is idle when the RLJN command is deactivated. ‘l’his is the rccolnrncndcd  time for sc[ti]]g  II]C opcnrting
parameters. lIowcvcr,  these parameters can bc set at any time bccau~c ofthc asynchrol]ous  nature ofopcration.  \\Jhcn RUN
is activated, the chip begins continuous rcndout of frames based on the paramckrs loaded in tltc  control rc~islcrs.  When

RUN is dcactiwrtcd,  the frame in progress runs to completion and then stops,

‘1’hc  CMOS AI’S, along with readout circuits, is shcwvn schematically in fig, 2. ‘1’hc  pixel uni[ CCII consists of a photodiodc
(W), a source-follower input transistor, a row-selection transistor and a reset transistor which con(ro]s  lateral blooming
throu@l proper biasing of its gate. At the bottom of each column of pixels, there is a load transistor VI.N and ti~’o output
branches to store the reset and signal ICVCIS.  Iiach branch consis[s of a sample and hold capacitor (CS or CR) ~vith a

sampling stvitch  (S} IS or S1 Itt) and a sc.cond source-follower \vith a colul~~!l-sc.lcclioll sfvitch  (COI ,). “1 ‘hc reset and signal
Icvcls  arc read out diffcrcntial]y,  allowing correlated double sampling to supj)rcss  l/f noise and fixccl  pottcrn  noise (not kl’C
noise) from the pixel. A double delta sampling (L)DS) circuit shorts  the sampled signals dul-ing the readout cycle reducing
column fixed pattern noise. ‘1’hcsc  readout circuils  arc common to an entire coluniN  of pixels. “1’hc  load transis~ors of the

2/Proceedings of the SPW, vol. 2415, Charge-Coupled [>evices and Solld-Sta[e  Op(,cal Sensors K popor no. .74 (]99s),
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second SC( of source follo~~’crs  (W.}’)  and the subscqucnl  clamp circuits and output source follo\vcrs  arc con~mon to the
entire army.
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liming  for the rcadou[  scqucncc  is showJl  in fig, 3. After a row has bCCn sclcctcd,  the signal  that is present on each column
pixel i;l that row is sampled (S11S) omo the holding capacitor CS, NCM, each pixel in the row is reset (RI;  SI;.l’). l’his  is
followed by swnpling  the reset lCVC1 (S}IR) omo holding wpacitor CX A simplified expression for (1IC output ~oltage of (1w
reset branch of the column circuit is given by:

VCOl_R  z ~ {CX[VN, - Vtpi.]  - vtc.1[  }

\vllcrc  a is (1W gain of the pixel source-follower, P is the gain of tl~c column scnrrcc-follolt’cr,  V~, is the voltage on the
[~hotodiodc aflcr  reset, Vtl,ix  is the threshold voltaf?c  of lIIC pixel source-followcl IL-channcl transistor, and ~Ttco\r  is ~hc,..
threshold voltage of llIC column  source-fo]lowcr p-clurnncl  transistor. Sinlilarly,  the
the column circuil is given by:

VCO1-S  = (l{ Cl[V@ -  V@x] -  
Vtcols}

where Vti~ IS lhc voltrr~c  on the photod[odc  with the s]gnal  char.gc pl cscnt al~d VM,

output vol Ia~,c of tllc signal brnnch of

is tl)c thrcsho]d  IIO!1O8C of tlic column
source-follower p-channc]  transistor,  I;xpcrlnlcntal]y,  the peak to pcok varlatlon  111 VM,

. . . - VtcoIS is typically 10-20 nlV. It is
dcsimblc  to remove this source of col[l[lltl-to-coltlltlrl  tixcd  pattern m)isc F})N. Jl)l, lms previously dcvclopcd 8 double delta
srrnqiing (1)1X) tc.chniquc  to climinrrtc the col~]rl)ll-to-col~l?ll~l  FPN”4. This app~onch rcprcscnts an iWrc)~cd  ~crsion of (Ilc
1>1)S circuitry.

Sequential readout of each column is as fol]ows. }’irst  a column is srlcctcd.  Aflcr a sc.t(ling time cqui\ralcnt  10 one-half the
column selection period, the 1)1X$ is performed to remove column fi~cd pattern rmisc . In this operation, a 1>1)S sli’itch and
two column selection switches on either side are used to sliort  the t~{o  srrmplc  ancl hold capacitors (X and CR I’rior  to lhc
1>11S opcratiorl the reset and signal  column outputs (Vcol R and Vcol_S) corltaill  their rcspcc[ivc  signal values plus a
source follower voltage thrcsho]d  component. l’hc DDS sw;tch is activated inmlcdiatcly  aficr ~1 ,AMI’ is turned off. The
result is a dilYcrcncc voltage coupled to the output drivers (VR_Ol  IT and VS_OLJ’1’) tlmt is f[cc of the voltage t hrcshold
component. Prior to 0 ,AMP bcillg  dcactivatcd,  the output signals arc:

vR_ouJ’ = y(vcl  - Vti)

3/Proceedings of the SPIP.;  vol. 2415,  Charge-Cottpled Devices and Solld-Stote  Optl’ol Sensors 11, pcIpeP no. 34 (1 99S).



and vs__ouT  = y(vcl  - V1.s)

where y is the gain of the third slagc source-follower, VCI is [he clamp voltage, and Vti and VL, arc the threshold vol[ages  of
the third stage source-follower n-channel transistors, reset ancl signal branch rcspcc[i\’cly. Dcactivaiion  of the clamp circuit
and simultrmcous  activation of lhc DDS switch causes several changes. 7’llc  voltages ill the l~vo column branch sampling
circuits equalize becoming:

V., = V., ‘- Cl[V@r  - Vtpj.  + V+, - Vtpix] I 2

l’his is turn causes a change in Vcol_  S and Vcol_.  R to:

VCOl_R’ = (1 {CX[ V@ - V,pix + V@. - Vt~,i.] I 2- Vlv,l,  }
and VCOI- $’ ? P {CX[V@~  -  V@X + V@S  -  

Vtpi.]  J ~  - Vtcols}

~onscqucnt]y,  lhc vol[agc  oufpu[s  change 10:

vR_ouT = y(vcl + vcol_R’  - VCO1-.R  - Vti)
and vs_ou-r = Y(vci + vcol_s’ - vcol. s - vk)

Wc no(c

vcol_s’  - vcol_s = p{cx[v@ - Vpdm}
and vcol_R’ - vcol_R  = p{cl[ v@ - v#sl/2  }
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When the outputs arc differentially amplified off-chip, the coInnmn clamp voltag,c Vcl is removed, Icmring only the
diffcrcncc  bctwccn signal and reset. 3’hc net differential ou@ut voltag~ is givcll by:

VI~_OU’1’  -  VS_OU”~ = Qp’f(vpdr  -  
Vpds  -  VCOA)

4 /1’rocecd!ngs  of the S[’1[<.; vol. 2415, Chorge-Cot[pled  Ikvices otjd Solid-State OptIcCI/  Sensors L; poper no. 34 (1 995).
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where VCOm$,  is a consfant  d.c. level.

A read signal is provided at the cnd of the 1)1)S period to indicate tllot the signal outputs have sctilcd and arc ready for
rcrrding,

3. KXI>ERIMENTA1,  R1:SLJ1,TS

The chip was proccsscd  through MOSIS  in the ill’  1.2 pln Iincar capacitor process and functioned as designed on Iirs[
silicon. Capacitallcc  values for the sample and hold capacitors (CR & CS) arc typically 4 PF, while the output  coupling
capacitors (COR & COS) arc approximately 14 pF. ‘1tlcyif;ld  bascdori21 parts  \\':\ s[luitc good \\itllo lllyfi\'cI Jar[sl~a\fi~lg
dcfcctivc  pixel sites.  Onlyoncpar  twasnonfmctiorlal.

Vr-ld ollt.r)tlt Figurc4  show sthclayotrtofthc  19.2 ~mpixclu  nit cell. Rowanc!

reset

row

Figure4.  l.a+vout ofpixel.  P’i[lfoctori.r 30%.

reset arcro~ltc,l  hori~.olltally  in polysilicon  whilcthc pixel output k

routed in mct:dl.  Mcta12 was used as a li~ht shield and covers
most of the acti~’c  arm outside of the pixel array. The defined fill
factor of the pixel was approximately 300A. Figure S shows a
phc]tograph  of the chip wi[h the various functional clcmcnls
dclilmatcd

7M[c 1. l~c.vign Chmwctcristics

-.—— —— --
ArIay Size T----128X128. . ..— .— — —- —--. — --. —
Pixel Size 19.2 &lll—--- . . ..-— — ———
Tcchno]og?  . . . __.. ._.. .-..—.. .._.:. . . --------1.2~lnl 11-JwII  CMOS (11[’)——
M;xirnurn ( :Iock Rntc 10 MIIY.—-——— -..——-  -.- —-- -- ——.. ..—.
Minimum  (:lock  Rate none.-. ——. . . ..— _— .—. — —_——.———
Maximum l’ixcl  Ra te  ___ .2::_YlI~  . . . . . .——-_——
Maximum 1 ntcgration l)elay 16 x 109 clock periods

or 1600 sccs  at 10 M117..- —-— —.——

Pcrformncc was measured for a broad range of parmctcls. l’hcsc results arc shcm’n  in table  2. A sample inm~c produced
for a 128x128 window is shown in fig. 6. l’hc logo displayed in the upper left corllcr  is a result of using mc~al? as a li@~t
shield to block out the underlying pixels in the array.

‘1’hc output saturation lCVC1  of the sensor is 1.3 V \Yhcn operated from a 5 V supply. Saturation is dctcrmillcd  by (hc
di ffcrcncc bctwccn  the reset ICVC1 on the photodiodc  (pcrh:ips  3 V) ;Ind the mini  ]nuln volla~;c allo~vcd  on the pixel  source
follower gate (e.g. threshold voltfigc  of approx.  0.8 \JolIs). l’his  corrcs~)olds to a full WC]] of approxirua[cly  370,000
electrons. ‘1’his can bc incrcascd  by operating at a krrgcr supply voltage, gaining perhaps 120,000 c- pcr supply volt.

I)ark current was mcmurcd  by varying the maslcr  clock rate and thu< linearly controlling tlIc integration pcliod in the dark.
An output -rcfcrrcd,  room tcn~pcr’aturc, d:irk-ctlrrcl~t-i  lld~lccd-sigl~al  of 15 Ii LV/scc was measured, and good Iillcari[y ~vas
observed. Hasccl  on the conversion gain, this yields a dark cumnt oi lCSS than 200 pA/cni~.

Conversion gain (pV/c-)  \vas obtnincd  pcr pixel by plottillp,  the variance in pixel oullmt as a function of mean signal  for flat
frcld exposure. ‘1’hc fixed patlcrn noise arising from dispersion ill con~’crsion  gain \\’as  under 1°/0 - similar  to the l’aluc
found in CCIIS and consis~cnt  with the well-controlled gain of a source-follower buffer amplifier. OuLput-rcfcrrcd
conversion gain was measured to bc 3.5 pV/c-, w’hich is in reasonable ag[ccmcnl }Jith the estimated photociiodc  and
parasitic capacitrrncc.

S /Procecd]rsgs  of the S1’IE, vol. 2415, Charge-[:onplcd  I)eviccs and Solld-Stafe Optical Sense!s V, pqw no. 34 (1 99S).



J’jgure  5. l’hotogrop}]  of cotnplcfed CM().7  AI’S 1(.’.

The chip was also mcasllred  at
rcfcrrcd  dark currcs]t  signal
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l’hc quantunl cfflcicncy  of the detector was measured using a CW 1/4 m l~~oflocllr(Jl[i:ttor  and a tLJIl~slcll/lialo~cIl  light
source, calibrated using a pho[odiodc  traccoblc  to NIST standards. ‘] ’he quantum c~lcicncy  of a pixel is shotvn bclo~v in
fig. 7. Peak quan[un)  ctTlcicncy  cxcccds  the designed fill  factor  c)f the pixel, .w~~cstilig  thal  significant oiltical  response is
oblaincd  from regions wi[h aclivc readout transistors. l’hus  the cftectij’c  till factor of LIic pixel is higher than ~vhat migh(  bc
dctcrmincd  from the active area layout alone.
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Noise in the chil) was mcasulcd  by sampling a small ~}indow  at 100
kpixcls/scc.  Da\a was tiikcn  by a l(i-bit analog-to-digital convcr[cr
card in a PC workstation. Noise. was calculated from the ~mriancc  in
the pixel output signal over 1000 frames of data. Smaller window
sizes rcsultccl  in faster cffcctivc fran~c rates and lo\\cr  dark si~llal
Icvcls, Noise measured in tllc signal  dropped W C]] bclo;v  the
thcorctica]  k’~C )Ioisc lCVCI of approximately 300 ILV r.m, s, and was
limited by the current systcm  noise floor of 65 yV r.m.s.. It is thought
that bccausc  the reset gate voltogc lCVCI dots not allow rc~fcrsiblc
transpor(  between the dr:ii  n slid tt tc photodiodc,  kl’C noise is
suppressed. WJth  no light and low dark current, the photodiodc
potcnti:il  drops below the reset gate surfncc potential w’ith each
succeeding reset duc to sub[hrcslmld  current so tlmt  full k7’C noise
dots not dcvck)l~ 011  the IIOdC. l;or  small  signals, then, the Iloisc is
rcflcctcd  in the ~lnccrtainty  irl Ihc number of carriers emitted o\’cr tl)c
reset gate potcl)tial barrier. Since this is a therm]  emission process, it

is postulated that the reset noise is equal to the square root of the number of siglml  carriers dct.cctcd bct~}ccn  the t}vo
sampling operations, since this is the number of cm’icrs  thermally cnlittcd.  ‘1’hc  price of this “1OW noise” reset is ima~c lag.
No signi ficant lag was observed, but any such lag is cxpcctcd to bc observed only under cxircnlc conclit  ions.

1 tiblc 2, l’erforvnonce  Ch, wcac[eri.vtic.v

E-Pcak QE

I
-60 v.. . _ _  - . _ _ _  . . _ — .  —. —— . . ..—

. . - . . - i - - - -

_—--.  —
Fixed l’dtc’rn Noise <2 mvr)-p <0.1S 0/0 sat_.. _,__— —- ..— —— . . —— --—

1 Dark Current 15 mv/scc I <200 pA/cn12.—. —

—— -—... --””i_—. —— . --.—.——  -- -—-- I-------  -- - -[-:;6n~jc1;,’ “1
‘5 mvlwc

A CMOS AI’S chip has been dcsi~ncd  that intcgralcs  the inlagc scn~or tcchllolocy  Jvith  digi[al  conlrol functions on a single
chip. l’his has demonstrated the viability of producing a calncr:~-on-a-chip  suitable for both commercial, military and
scientific applications such as would bc cncountcrcd in space. l’hc chip has a sill[;lc  clock and sinfllc  power supply with a
simple digital intcrfacc  that permits easy restructuring of winckm’s-of-interest and integration times. The measured
performance indicates that this tcchnoloF,y will bccomc  compct  itivc  with CCI )’s in ninny applications, resulting in higher
overall pel fol-mancc  and rcduccd cost.

Additional work is in prosrcss for integrating the ADC function orl-chips’c’?, resulting in all-digital output. Other functions
such as automatic exposure and electronic slmcr arc plaancd to llc intc~latcd  in subsequent designs as WCI1. WC expect
that in the IWX( tfvo to three ~’cars wc will demonstrate all-digital chips w’itll array si~.cs  up to 1024s1024 ~vith pixel siz.cs in
the 10 Im range, Although this paper dcscribcs  a photocliodc  AH,  there arc photogatc  versions of the APS that orc being
implcmcntcd that offer additional improvements in noise at the tradcofl  of quantum cfllcicncyg.

7 /1’rocccdings of the S1’11:, vol. 2415, C}large-Coupled  Ikvices and Sohd-Stole  Op[)cal  .$ensois 1< poper no. 34 (199.5),



6. ACK.NOW1,EI)GM  l:NTS

l’hc work prcscntcd in this paper was carried out al the Center for Space h4icroclcc(ronics  TCC1)IIO1OM, Jet Propulsion
Laboratory (Jf>L), California Instihrtc  of Technology, and was sponsored in parl by tile Advanced Rcscarcl~  Projects AgcI~cY
Electronic Systems Technology Ofllcc (ARPA/fNTO)  LOW Power EICCI ronics Program and by the National Aeronaut ics and
Space Administration (NASA), Oflicc  of Ad\Janccd Concepts and Technology. TIIC alltl~ors  aPPrcciatc  tl~c s~lPPort of C
Kukkoncn,  S. Khrmna,  and V. Sarohia  of JPL,,  L. Glasscr  and K. Gabric]  of ARPA/iiSl’0, and G. Johnston of NASA
]Icadquartcrs.  The assistance of P. Jones and T. Shaw in the vcrifrcatiorr  phase of the design is appreciated.

7. IWF’l;RENCES

~’ ( ~ E. R. FOSSUnl, AcIivc pixel sensors - me Cl)))s dirro.wum?,  Proc. SPIE, VOI. 1900, pp. 2- ] 4, 1993 .
2 S. G. Chan~bcrlain,  }’hoto.$en.~iii}’i!})  rmd scanning of silicon image detecior  mmys,  lHtiE J. Solid-State Circuits, vol. SC-
4(6) ( 1969).
3 F. Andoh,  cl al., A 2.50,000 pixel image sensor with fi>:l’ nrnpli$cotiorr  at eoch pixel for high speed  television cmnerm,  in

lntcrnrrtiona]  Solid-State Circuits Confcrcncc Digest of Tcchliical  Papers, pp. 212-213, I;cb. 1990.
(21

4 S. Mcndis,  S.1”1. Kcmcny,  R. CCC, l). Pain, and E.R. l:ossum,  Progres  ,’ in CA40.$’ active pixel image sen.wrs, in Qmrg,e:
colt~Jlcd_I>Cyiccs.:llld.So!id__Slalc  O~Xica~Scnscm  IV, Proc. SI’lE vol. 2172, Pp. 19-?9 (I 994).

(“[. 5 S. Mcnclis,  Il. Pain, R. Nixon, and E,R. Fossum,  I)esign of o Iow-lig)l(-ievel  imogc sensor )t’i[h m on-chip .~igmo-de/to
ma/og-to-digits/ conversion, in @D’s.an.c! CM ic~ll  _SemSoL$_l!  !, Proc. SPIE VO~. 19(JO,  PP. ~ I -39 ( 1993).

Cv G Il. Pain and E.R. ];ossum,  Appromhcs  and ano[vsi.vfor  on-jocol-plat!e  rm~~log-to-dij:  itol conversion, in ]l~frarcd J<cadou!
~lcctrorr~s  1.1, Proc. SPII1 vol. 2226, paper 24 (1994).
.? A. Dickinson, S. Mcndis,  D. lng]is, K. A~adct, and E. IL. Fossum, CAfOS digital c:rmero with prwalle[ A/11 architecture, to\.\ ’.” ..-’

.s: bc prcscntcd at 1995 IIXX Workshop on CCDS and Advanced Image Sensors, Dana l’oint,  CA April 1995.
* S. Mcnclis rind j;.]<. Fossom, CA40S rx~ive pixe/  image sen.wr, IF,I:I1 Trans. I:lccttorl  lkviccs,  vol. 41 (3), pp. 452-453
(1994). (. ,, , ,:

(,,. ,

8 If ‘mccdings  orthc S1’11<,’, vol. 2415,  Char,ge-Coupled I]eviccs  and Solid-Siate Opiasl  ,Temors K papct no. 34 (1 995).


